Leaf litter decomposition strongly affects the global carbon cycle through carbon dioxide CO 2 emissions to the atmosphere. The litter bag method LB and chamber method with litter addition and removal treatments C-LART have been used to quantify the litter decomposition rate and its resultant CO 2 flux. The C-LART method measures soil CO 2 fluxes in control, litter addition, and litter removal plots, and thereby decomposition rates are calculated from differences of the fluxes. However, no report has described the applicability of C-LART in comparison with LB. This study measured the litter decomposition rate and its resultant CO 2 flux using C-LART and LB in a temperate evergreen forest in central Japan to assess the applicability of the two methods. Annual soil respiration in the control plot was 1572 gC m 2 yr 1 , which was approximately twice as high as the mean of temperate evergreen forests in the world. The litter decomposition rate was 0.42 g g 1 yr 1 in mass loss or 0.49 gC gC 1 yr 1 in carbon loss by LB, which are compatible with those reported from other temperature forests. In contrast, the decomposition rate of litter carbon ascertained using C-LART was greater than 1 1.96 -3.76 gC gC 1 yr 1 , meaning that carbon emissions increased more than applied, and that the carbon emissions were decreased more than those removed by litter treatments. The incredibly high decomposition was attributed to the enhanced or restricted microbial activities in the underlying mineral soil. Changes in microbial activity are probably caused by the alteration of material supply from the leaf litter layer to the soil by litter treatment the priming effect . In conclusion, C-LART is not applicable to evaluate CO 2 emissions through litter decomposition. Another approach must be used to compensate the priming effect for application of the chamber method.
Introduction
Litter decomposition in terrestrial ecosystems plays an important role in the global carbon cycle through carbon dioxide CO 2 emissions to the atmosphere Chapin III et al., 2011 . Ongoing global climate change can affect litter decomposition and consequently alter soil CO 2 flux both physically and microbiologically Chapin III et al., 2009; Crow et al., 2009b . Therefore, elucidating aspects of litter decomposition is crucially important for the prediction of soil CO 2 flux under conditions of global climate change.
Litter decomposition is known to be affected by both biotic and abiotic factors Cotrufo et al., 2009 . As one important biotic factor, decomposer microorganisms decompose litter through catabolism. During decomposition, litter fragmentation by soil fauna and plowing effects by earthworms Cortez and Bouche, 1998; Bradford et al., 2002 control the decomposition rate. Regarding abiotic factors, soil temperature and moisture control microbial activity, and in turn affect the litter decomposition rate Cotrufo et al., 2009 . Moreover, the litter quality influences the rate of litter decomposition Melillo et al., 1982; Enriquez et al., 1993 . Therefore, in-situ observation must be done to clarify the decomposition accurately.
Litter bag method LB and closed chamber method with litter detritus addition and removal treatment C-LART have been used to ascertain litter decomposition rates. The LB determines the litter decomposition rate by evaluating the loss of mass or elements of litter in meshed bags placed on the soil surface or in the topsoil during a given time period. This simple and inexpensive method is widely applied Kampichler and Bruckner, 2009 . However, the litter bag mesh size can affect litter decomposition rates through the changes of soil fauna that can access, break down, and digest the litter in the bags Irmler, 2000; Bradford et al., 2002; Yang and Chen, 2009; Bokhorst and Wardle, 2013 , and thereby eventually stimulate microbial activity in the litter layer.
The C-LART is also used to evaluate the litter decomposition rate, although such studies are limited Bowden et al., 1993 . This method estimates the litter decomposition rate from offsets of litter-added plots and controls, and/or control and litter-removed plots, assuming that the CO 2 emissions from the mineral soil surface are equivalent. This method can resolve difficulties arising from the mesh size used for the litterbag method. Moreover, this method is anticipated for use in analyzing effects of abiotic factors e.g. temperature and moisture on litter decomposition because it is a non-destructive method. Nevertheless, a few shortcomings exist for this method. First, this method only assesses decomposition via CO 2 emissions. Decomposition through non-CO 2 gases e.g. volatile organic compounds , leaching of dissolved carbon, or fragmented or digested carbon that is put into the soil to become soil organic carbon are not considered. Moreover, the altered litter quantity can affect soil biological properties, such as biomass and activity, that affect CO 2 emissions from the underneath the mineral soil Sulzman et al., 2005; Crow et al., 2009a; Prévost-Bouré et al., 2010; Wang et al., 2013a; Wang et al., 2013b . Both LB and C-LART have been used to determine leaf litter decomposition. It is therefore important for future studies to compare the two methods and assess the reliability. Nevertheless, no report makes a direct comparison of the two methods. Therefore, we applied the LB and C-LART to measure carbon loss through litter decomposition in a temperate evergreen forest in central Japan. Based on the results, we examined the reliability of the two methods.
Materials and methods

Site description
The study site was an evergreen forest 36°3'N,140°7'E, 23 m a.s.l. located within the National Institute for Environmental Studies in Tsukuba, central Japan. The forest is dominated by Japanese red pine Pinus densiflora , and distributed by broadleaf species of evergreen bamboo-leaved oak Quercus myrsinifolia and deciduous konara oak Quercus serrata . The average tree density, tree height, and diameter at breast height were 600 trees ha 1 , 25 m, and 42 cm, respectively. The soil carbon-nitrogen ratio C/N was approximately 15 at 20 cm depth.
Chamber experiment
In June 2012, 27 aluminum chamber bases with area of 0.5 m 0.5 m were installed 3 cm into soil to measure the soil CO 2 flux. The chamber bases were divided equally for three litter treatments: control CT , addition AD , and removal RE . Each treatment has 9 replications. The chamber bases were distributed within an area of 40 m 40 m at the study site.
To simplify the experiment, we used leaf litter of only bamboo-leaved oak. The fresh leaf litter of bamboo-leaved oak which fell in summer of 2012 was collected from surface litter layer in September 2012. We determined whether the litters were fresh by color close to green and intactness. The leaf litter was then air-dried in a laboratory for two weeks. To dose the same amount of litter for the litter bag and chamber experiments on an areal basis, we added 230 g air-dried litter to each AD base on 2 October 2012. Simultaneously, we removed all leaf litter on litter layer from each RE base. To find the dry weight, litter samples were oven-dried for 48 h at 80°C. Soil CO 2 flux was measured on each chamber base monthly for July 2012 -December 2012 and twice a month for January 2013 -December 2013 with a closed chamber system, which was produced according to the guidelines proposed by Liang et al. 2004; 2010 . The system used two 50-cm-tall cubic chambers made of transparent acrylic plastic. The CO 2 concentration and air temperature inside the chamber were measured every 5 s with an IRGA LI820; Li-Cor Inc., Lincoln, NB, USA and a thermocouple probe MHP; Omega Engineering, Stamford, CA, USA . Their outputs were recorded using a data logger CR1000; Campbell Scientific Inc., Logan, UT, USA . Each chamber was closed for 180 s. All measurements were made around noon between 10 : 00 and 12 : 00 local time under the no-rain condition.
Soil CO 2 flux R s , μmol m 2 s 1 was calculated from an increasing rate of CO 2 concentration during the last 140 s of chamber closure using the following equation:
where V is the chamber volume m 3 , S is the soil surface area inside a chamber m 2 , P is the air pressure Pa , T is the air temperature K , dC/dt is the changing rate of CO 2 concentration μmol mol 1 s 1 determined using least-squares method, and the R is the gas constant 8.314 Pa m 3 K 1 mol 1 . A test of linearity was applied to control the quality of dC/dt following Aguilos et al. 2013 . Simultaneously, soil temperature T s at a depth of 5 cm and volumetric soil water content SWC of the top layer of 5 cm were measured respectively at each plot with a thermocouple probe MHP; Omega Engineering, Stamford, CT, USA and a soil moisture sensor SM150; Delta-T Devices Ltd., Cambridge, UK . In addition, the soil temperature at 5 cm depth and soil water content at a depth of 10 cm were monitored hourly at one point in the study site using the same-type sensors throughout the study period.
Data analysis of chamber measurement
R s was related to T s for each chamber base using a common exponential equation as
where a is R s at 0°C, and b is the temperature coefficient of R s . The b was used to calculate Q 10 , which is the relative increase in R s with a 10°C increase.
To assess the effect of SWC on R s , temperature-normalized
was calculated using the following equation Hirano et al., 2003 .
In that equation, T b denotes the base temperature, which was set for this study at 15°C.
Annual R s gC m 2 yr 1 was assessed as the sum of hourly R s calculated from hourly T s using equation 2 for each chamber base for an annual period from October 2012, when litter was added or removed. The fitted coefficients a and b were determined from data in the same period. In the AD plot, however, the measured R s exceeded the estimated R s from T s considerably during October -December 2012. Consequently, R s of October -December 2012 was estimated by linear interpolation. The R s of December 2012 -October 2013 was estimated using equation 2 , of which the fitted coefficients a and b were determined from data in the same period. Then, annual R s at the AD plot was calculated as the sum of R s before and after December 2012. For the C-LART experiment, to minimize undesirable errors caused by localized high CO 2 emissions hot spots , which were expected to result from decomposition of below-ground detritus, R s data on any chamber base were not used for further analyses if the annual R s exceeded mean + 1 SD n = 9 for each treatment CT, AD, and RE . Therefore, we used data of 8, 7, and 7 chamber bases, respectively, at CT, AD, and RE plots. Annual changes in CO 2 emissions through litter decomposition were calculated as
where R LA and R LR respectively represent CO 2 emissions gC m 2 yr 1 through litter addition and litter removal treatments. Also, R CT , R AD and R RE respectively denote the annual R s in CT, AD, and RE plots.
Litter bag experiment
Litter decomposition was measured using the litter bag method LB for one year: December 2012 -December 2013. The airdried fresh leaf litter of bamboo-leaved oak, which was collected for the chamber experiment, was used for the litter bag experiment. Litter bags of 20 cm 30 cm mesh size: 1 mm were sewn with cheesecloth. Air-dried 50 g litter was put into each bag, which was equivalent to 44 g 743 g m 2 /345 gC m 2 dry weight. where W 0 and W t respectively denote the mean dry weight of litter n = 5 at the beginning and time t. Litter carbon loss caused by decomposition gC gC 1 was assessed using data of total carbon content as
where C 0 and C t respectively represent the mean carbon contents of litter n = 5 at the beginning and time t.
Statistical analysis
The coefficients a and b in equation 2 were determined using a least squares fit. To check whether R b is influenced by SWC, the significance of linear or quadratic regressions was analyzed. In C-LART measurements, a Tukey-Kramer test was applied to compare R s among litter treatments. In LB experiment, a Tukey test was applied to check whether the amount of remained litter differs among sampling time. All statistical analyses were performed using a statistical software package R 3.2.1; The R Foundation for Statistical Computing .
Results
Seasonal variation in soil CO 2 flux
The start dates of C-LART and LB experiments differed by about two months. Although the period for the C-LART experiment had lower precipitation than that for the LB experiment, the annual mean T s and SWC were almost identical Table 1 . Therefore, the litter decomposition rates between C-LART and LB experiments are comparable.
The R s in three litter treatments showed seasonal fluctuations high in summer and low in winter in accordance with the change of T s Fig The values of Q 10 were 2.2 0.1 in CT, 1.9 0.2 in AD, and 2.4 0.1 in RE, which were significantly lower in AD than in RE p < 0.05, Tukey-Kramer test . The temperature-normalized CO 2 flux at 15°C R b shows neither a linear nor quadratic relation with SWC p > 0.05, Fig. 2b .   Fig. 2 . Responses of soil CO 2 fl uxes to abiotic factors: relations a between soil CO 2 fl uxes R s and soil temperature, and b between temperature-normalized R s at soil temperature of 15°C R b and soil water content in control CT , litter addition AD , and litter removal RE treatments. Signifi cant exponential curves are drawn for the three treatments in a . In b , neither a linear nor quadratic relation was signifi cant. 
Comparison of annual soil CO 2 flux among litter treatments
Measured R s fell within the range of mean 1SD of estimated R s during most of the study period Fig. 3 . In AD, however, the measured R s was considerably higher than the estimated R s for about two months after litter addition Fig. 3b , The Q 10 values for soil respiration found in this study 1.9 -2.4 are similar to those reported for temperate evergreen broadleaf forests 2.2 0.8 mean 1 SD , n = 18 Wang et al., 2010 . Lower Q 10 in AD suggests a higher contribution of leaf litter decomposition to soil respiration than in CT and RE. Higher carbon quality more easily decomposable substrates achieved by the litter addition would decrease the temperature sensitivity Q 10 of microbial decomposition Bosatta and Ågren, 1999; Fierer et al., 2005 . 
Comparison of C-LART and LB experiments
Strictly, the extent of "decomposition" differs between C-LART and LB. In LB, decomposition includes leaching, emissions of volatile organic compound VOC and other trace gases e.g. methane and nitrous oxide , and litter fragmentation by soil fauna and slip through the litter-bag mesh as well as the loss by aerobic decomposition CO 2 emission . In C-LART, by contrast, decomposition is confined to aerobic decomposition. Therefore, the CO 2 emission estimated from the litter mass loss by LB is potentially overestimated. In this study, however, CO 2 emissions by C-LART greatly exceeded those by LB. The reason is discussed later. The annual decomposition rate of fresh litter measured by LB 0.42 g g -1 yr -1 was within the range reported for world Table 2 . Litter mass remains, mass loss, carbon C content, carbon to nitrogen ratio C/N , carbon remains, carbon loss, and daily carbon release rate during the litter bag experiment. Values of mass remains, C content, C/N and C remains denote mean 1 n = 5 . Different alphabet letters in each column denote signifi cant difference at p < 0.05 according to Tukey's HSD.
Date
Period days Salamanca et al., 1998; Wedderburn and Carter, 1999; Caldentey et al., 2001; Guo and Sims, 2002; Albers et al., 2004; Son et al., 2004; Jacob et al., 2010 , which were estimated from the exponential decomposition function. Reportedly, the decomposition rate by LB tends to increase with mesh size because the accessibility of soil fauna into litter bags depends on the mesh size Irmler, 2000; Bradford et al., 2002; Yang and Chen, 2009; Bokhorst and Wardle, 2013 . Soil fauna break down and digest the litter, and consequently enhance the microbial decomposition Petersen and Luxton, 1982; Anderson et al., 1983; Maraun and Scheu, 1996 . In this study, the decomposition rate might be underestimated because we used 1-mm mesh. Indeed, the litter decomposition rate of 1-mm mesh bags is 20-30 lower than that of 5-mm mesh bags in a temperate broadleaved forest Cortez and Bouche, 1998 . Mesh of litter bags can prevent leaf litter from contacting with the soil surface, and can be expected to eventually affect microbial activities through the alteration of the moisture conditions. Reportedly, moisture conditions influence CO 2 emissions through leaf litter decomposition Kim et al., 2005b . Particularly, the vertical moisture distribution in the litter layer affects the decomposition Ataka et al., 2015 . Although the effect of mesh on moisture was not measured in this study, the presence of the mesh can underestimate the decomposition rate.
Although C-LART is expected to solve unavoidable difficulties arising from the use of LB, the differences of CO 2 emissions between the control and treatment plots R AD -R CT and R CT -R RE were, respectively, more than 1.9 times the amount of litter addition and removal. Such overestimation was not found for a deciduous forest Bowden et al., 1993 . We observed that the leaf litter remained in the AD plot even at the end of the experiment. The enhanced soil respiration of more than additional carbon inputs as leaf litter has been reported as a "priming effect" Sulzman et al., 2005; Crow et al., 2009a; Prévost-Bouré et al., 2010; Wang et al., 2013a; Wang et al., 2013b . The mechanism of the priming effect is explainable by the enhancement of soil microbial activities caused by the supply of available substrates and nutrients from the litter layer into underlying soil through leaching and fragmentation Kuzyakov, 2010 . In RE, the supply of substrate and nutrient was probably decreased by the litter removal in comparison with the CT plot. For that reason, soil CO 2 flux from litter would have been overestimated in RE. Although the initial stage of litter decomposition is important because of the high litter quality Kim et al., 2005b , the mass loss rate of LB in this study is highest after nine months of litter bag installation after an experience of summer Table 2 . The leaves of dominant Q. myrsinifolia at this study site are characterized as physically tough, with a waxy surface. Such structural defense of leaves might cause a delay in decomposition. Indeed, the litter loss rate is negatively correlated with the toughness of the litter constituents Gallardo and Merino, 1993 . Additionally, the activity of soil fauna is low at the start of the LB experiment in winter. The delay of litter fragmentation or digestion by soil fauna is partly attributable to the delay of peak decomposition rates in LB.
The remarkably high R s in the AD plot in comparison with in CT plot after the initial two months is probably attributable, to a great degree, to the priming effect after adding litter rather than to litter decomposition. The mass loss of litter is well known to occur by leaching at the initial stage of decomposition Gallardo and Merino, 1993; Chapin III et al., 2009 . Indeed, the initial decrease in C/N of the litter bag sample Table 2 probably occurred because of leaching Kim et al., 2005b Table 3 . The supply of material from litter enhances microbial activity in the underlying soil.
The results imply that C-LART is inapplicable to evaluation of CO 2 emissions through leaf litter decomposition. To apply the chamber method for direct measurement of CO 2 flux, a new approach that compensates the priming effect is necessary. One possible practical approach is the placement of a litter bag in a chamber base. For C-LART, the litter bag is removed temporarily from the chamber base. By measuring CO 2 flux twice on the same chamber base before and after the litter bag removal, decomposition CO 2 flux can be determined as the difference of the two fluxes.
The amount of priming effect
A high priming effect was observed in this study. We discuss the amount of priming effect PE by litter-addition and -removal treatments. The amount of priming effect is defined as the amount of CO 2 emission from the mineral soil which was enhanced by the plant-litter addition. The amount of priming effect is calculated as follows.
where D LA is the amount of litter decomposition from added litter, which is estimated at 174 gC m , which correspond respectively to 22 and 17 of CO 2 emissions from AD and CT plots. These fractions are similar to the results of incubation experiments using the soil of a subtropical evergreen plantation 25.9 ; Wang et al., 2013b and of in-situ observations in temperate evergreen forests in Germany and Oregon up to 21.6 ; Subke et al., 2004; Crow et al., 2009a . The remarkable enhancement of CO 2 emission from the soil 269-501 gC m -2 yr -1 was observed in this study. The source of CO 2 is probably derived from the abundant soil carbon and belowground biomass of understory vegetation. The total carbon content in the top 0.3-m layer in this research site was 13700 gC m -2 = 0.0851 gC g -1 0.537 Mg m -3 0.3 m from total carbon content and bulk density of soil in the Materials and Methods section . The amount of priming effect is estimated to be less than 4 of the total carbon in the soil. Even though we did not determine the quality of soil carbon labile or recalcitrant , it is not impossible that the CO 2 evolves from the mineral soil by the priming effect. Moreover, the litter of belowground biomass of undergrowth mainly dwarf bamboo in chamber bases, of which aboveground biomass was removed before the experiment, also could become the substrate of the primed CO 2 . That contribution is slightly higher than those reported for other temperate forests 9-12 in northern Japan Sakuma et al., 1994; Kim et al., 2005a , Tennessee Edwards and Harris, 1977 , Massachusetts Bowden et al., 1993 , and Florida Moncrieff and Fang, 1999 . The result of this study, as well as earlier reports, indicates that the litter decomposition is an important pathway for carbon emissions to the atmosphere from temperate evergreen forest ecosystems.
Conclusions
The litter bag method provided comparable results of leaf litter decomposition to those reported from previous studies, although the method has an unavoidable fault attributable to its use of meshes. However, the chamber method with litter addition and removal treatments greatly overestimated the CO 2 emissions derived from litter decomposition, probably because of the alteration of the material flows from the litter layer into underlying soil.
